Introduction
Liquid crystal displays and other liquid crystal opto−elec− tronic devices are based on elastic deformations of nematic layers induced by electric field. The deformations are due to dielectric anisotropy and to flexoelectric properties of the nematic liquid crystal [1] . Importance of the flexoelectric was demonstrated in the, so−called, zenithal bistable device (ZBD) displays [2] . The interaction between flexoelectric polarization and bias electric field plays a crucial role in principle of operation of these devices. The flexoelectric properties may potentially widen the possibility of applica− tions of nematics, as the materials with large flexoelectric coefficients were synthesized [3] . The deformations can arise under dc as well as ac excitation. The rise as well as the decay of deformations are characterised by specific rates which depend on the properties of the liquid crystal and on the parameters of the layer [4] . Therefore, if the layer is sub− jected to ac electric field, the director distributions resulting from deformation as well as their time evolutions depend on the field frequency f. The director distributions can vary periodically with time or can achieve a stationary state.
At sufficiently low frequencies, the deformations have quasi−dc character, i.e., they arise when the bias voltage exceeds the dc threshold value and they decay when the volt− age decreases below this threshold. The flexoelectric and dielectric contributions have different frequency dependen− cies, since the dielectric torque is proportional to the square of the electric field strength, whereas the flexoelectric torques are linear with respect to the field [5] . The purely dielectric deformations are stationary at sufficiently high frequency. It is well known that the director distribution depends on the rms voltage [6] . This means that the high frequency threshold voltage has amplitude equal to 2 1 U , where U 1 is the dc threshold. The purely flexoelectric deformation cannot de− velop at high frequency because fast reorientations of director caused by flexoelectric torques linearly dependent on electric field are damped by viscous torque [5] .
In this paper, the time evolution of the deformations in the homeotropic nematic layer arising under the action of ac voltage as well as their dependence on frequency are studied numerically. Three kinds of nematic liquid crystals are considered: 
Geometry and parameters of the system
The parameters of the system under investigation were simi− lar to those used in our previous papers devoted to dc field induced deformations [7] [8] [9] [10] . The homeotropic nematic layer of thickness d = 20 μm, confined between two plates parallel to the xy plane of the coordinate system and placed at z = ±d/2 was investigated. The plates played the role of electrodes. Sinusoidally varying voltage with the amplitude U m and the frequency f, U t U ft m ( ) sin = 2p was applied bet− ween them. The frequency was varied between 0.01 and 100 Hz. The interactions between nematic and boundary surfaces were determined by the anchoring strength parame− ter W equal to 20×10 -6 Jm -2 . A very pure electrically insu− lating nematic material was assumed. Its elastic properties were given by the elastic constants k 11 = 6.2 ×10 -12 N and k 33 = 8.6 ×10 -12 N. The backflow effect was neglected. The rheological properties were expressed by the rotational vis− cosity g 1 = 0.076 Nsm -2 [11] and by the surface viscosity k = 2.6×10 -8 Nsm -1 [12] . Three different sets of parameters responsible for interaction with electric field were taken into account: l non−flexoelectric nematic with negative dielectric aniso− tropy, De = -0.7 for which the dc threshold was U 1 = 3.55 V, according to the formula [13] 
where 
and was equal to 10.21 V, l the nematic characterised by both De = -0.7 and e = 40 pCm -1 which gave the threshold U f = 3.529 V calculated from the equation [14] ctg p p 
Method
The director distributions, n(z,t) were determined by the angles J(z,t) measured between n and the z axis. They were obtained by numerical solving of the following set of equa− tions:
l equation of balance of elastic, viscous, dielectric and flexoelectric torques for the bulk 
for z = -1 2 where w = W d k 11 and 
where T = 1/f.
Results

Non-flexoelectric nematic with negative dielectric anisotropy
In the case of non−flexoelectric nematic, two types of beha− viour can be distinguished. If the bias voltage amplitude U m exceeds the dc threshold value U 1 but is lower than Opto−Electron. Rev., 19, no. 1, 2011 G. Derfel 2 1 U , then the deformation arises only for low frequency. The director profiles J(z,t) have typical symmetric form and can be characterised by the mid−plane angle J(z = 0). The time dependence of this angle shown in Fig. 1 proves that the deformation appears and disappears twice during the voltage cycle T = 1/f according to the fact that the abso− lute value of the voltage and not the sign of the voltage is essential. It is evident that the deformation decays with in− creasing frequency and vanishes above ca. = 0.3 Hz. This effect is illustrated in Fig. 2 by curve 1 . If the voltage am− plitude exceeds 2 1 U , then the deformation does not de− cay when the frequency increases. Above the sufficiently high frequency ca. = 30 Hz, the deformation becomes sta− tionary as shown in Fig. 3 . Curves 2-5 in Fig. 2 
Dielectrically compensated nematic possessing flexoelectric properties
The dc deformations of purely flexoelectric nature have also threshold character [5] . This property has its consequences in the case of ac excitation. The director profiles are strongly asymmetric (Fig. 4) . Large deformations arise not only in the bulk but also on the boundary surfaces. The deformations can be characterised by the angle J(z = -d/2). Its time dependence is shown in Fig. 5 for seve− ral frequencies. It is evident that the significant subsurface deformations appear during the second half of the voltage cycle. This is due to the fact that the deformation depends on the sign of voltage. In the first half of the cycle, the director distribution has the same form but it is symmetrically reflected with respect to the mid−plane of the layer. The sig− nificant deformation appears at z = d/2 whereas the angle
The deformation evidently decays with increasing fre− quency. Figure 6 shows that the maximum angle at z = -d/2
Opto−Electron. Rev., 19, no. 1, 2011 © 2011 SEP, Warsaw decreases linearly with f. This linear dependence determines a critical frequency above which the purely flexoelectric deformations do not arise. It is interesting to note that this critical frequency in− creases with the voltage amplitude. This relationship deter− mines the dependence of the threshold voltage amplitude on frequency according to the approximate formula U f0 = a + bf 1/2 as presented in Fig. 7. 
Flexoelectric nematic possessing dielectric anisotropy
The director profiles in this case are asymmetrical due to flexoelectric torques. Simultaneously significant bulk distor− tion takes place caused by the dielectric interaction (Fig. 8) .
The deformations can be characterised by the angles J(z = -d/2) and/or J(z = 0). At low frequencies, the deforma− tions arise twice during the voltage cycle. The director profiles in the first half of the cycle are identical with the profiles in the second half reflected with respect to the plane z = 0. If the voltage amplitude exceeds the dc threshold U f but is lower than 2U f , the deformation appears and then totally decays during each half of the cycle (Fig. 9) . When the frequency increases, the deformations become weaker and vanish above some critical frequency. This effect is illustrated in Fig. 10 by the plots of the maximum angles J(z = -d/2) and J(z = 0) as functions of f.
If the voltage amplitude is higher than 2U f , then the low frequency deformations have the same time evolution as previously. However, at high frequencies, they do not Opto−Electron. Rev., 19, no. 1, 2011 G. Derfel vanish but stabilize as presented in Figs. 11 and 12. This behaviour is due to the dielectric anisotropy of the nematic. Nevertheless the flexoelectric properties affect slightly the director distributions even at frequencies as high as 1000 Hz. This influence can be seen in Fig. 11 , where the sub− surface angle J(z = -d/2) slightly oscillates with the fre− quency f. This subtle effect can be attributed to the interac− tion of the bias electric field with the flexoelectric polari− sation induced in the distorted layer.
Conclusions
The influence of frequency of the applied ac electric field on the time dependence of deformations was studied numeri− cally. The significance of the rms value of ac voltage was demonstrated for the nematic possessing dielectric aniso− tropy. The flexoelectric contribution to the deformations was found to vanish above a well defined cut−off frequency. The high frequency deformations have dielectric nature but are slightly affected by the flexoelectric properties. In the case of purely flexoelectric distortions, the threshold volt− age increases linearly with f 1/2 .
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